To package a cell's genetic material into the relatively small space provided by nuclei, linear DNA molecules are tightly wrapped around histone proteins, forming nucleosomes that are then packed together to form a higher-order structure called chromatin. This highly compacted DNA-protein assembly efficiently packages DNA but also acts as a steric barrier to transcription factors and other proteins that need to access generegulatory regions (45) . One mechanism by which cells can regulate chromatin organization is through posttranslational modification of subunits of the histone octamers (41, 47) .
One common histone modification is the acetylation of lysines in the N-terminal tails of the histone 3 (H3) and histone 4 (H4) subunits. Many studies have shown a correlation between acetylation of H3/H4 and gene activation (22, 54) . Histone acetylation has been found at the transcriptional start site (TSS) of active genes as well as enhancers and conserved intergenic regions thought to be enhancers (3, 25, 55, 56) .
Despite the recognized importance of histone acetylation in gene regulation, its role in many important processes has not been explored in detail. One example is Wnt/␤-catenin signaling. This pathway is highly conserved and is essential for the normal development and physiology of many metazoan organisms (8, 30, 39) . Wnt signaling also plays a causal role in several human cancers (19, 21, 39, 52, 53) .
Activation of the pathway resulted in increased histone acetylation at Wnt response elements (WREs) in several targets (14, 29, 57) , but the core promoters of these genes were not examined. In a recent study, it was reported that the regions containing WREs and TSSs contained acetylated histones, but the levels were not regulated by Wnt signaling (69) . Interestingly, Wnt signaling also caused an increase in trimethylation at lysine 4 of H3 (H3K4Me3) at the c-myc WRE (57) . This modification is normally observed only at the TSSs of active genes (3, 37) . Clearly, a more detailed knowledge of the chromatin modifications regulated by Wnt/␤-catenin signaling is needed.
While not much is known about what happens on the chromatin of Wnt targets in response to pathway activation, upstream events have been defined more extensively. In the absence of signaling, ␤-catenin is earmarked for proteasomal degradation by coupled phosphorylation/ubiquitination, keeping cytosolic levels low (7, 62) . When Wnt binds a receptor complex at the cell surface, ␤-catenin turnover is inhibited (7) . The stabilized protein then translocates to the nucleus, where it binds to members of the TCF family of HMG (high-mobility group) domain sequence-specific DNA binding proteins. ␤-Catenin binding is thought to convert TCFs from transcriptional repressors to activators (50, 65) .
Once TCF recruits ␤-catenin to a WRE, it, in turn, recruits other coactivators required for transcription (50, 68) . Among these are CREB-binding protein (CBP) and its close relative p300. Both are histone acetyl transferases (HATs) that bind to ␤-catenin and augment its ability to activate transcription (24, 43, 60, 61) . Although CBP has been shown to be a negative regulator of the Wingless (Wg, a fly Wnt) pathway in Drosophila (66) , we have recently reported that fly CBP is also required for activation of target genes by Wg. CBP binds to Armadillo (Arm, the fly ␤-catenin) and is recruited to WRE chromatin in a Wg-and Arm-dependent manner (35) .
Although CBP and p300 can acetylate H3 and H4 tails (1, 48) , it is not clear whether this is the mechanism by which they act in Wnt signaling. For example, p300 has been shown to acetylate lysines on ␤-catenin, which increases its affinity for TCF (32, 34, 70) . There is also a report that p300 lacking HAT activity can still augment ␤-catenin transcriptional activation (24) , raising the possibility that CBP and p300 act in a HATindependent fashion.
Here, we report that the histone acetylation profile of activated Wg transcriptional targets in Drosophila is markedly different from that of other active genes. We find that TCF and Arm are selectively recruited to distinct WREs in target loci. In contrast to the discrete localization of TCF and Arm, Wg pathway activation induces an increase in acetylation of H3 and H4 over a wide region, tens of kilobase pairs away from the WREs. This Wg-dependent increase in histone acetylation still occurs when transcription is blocked, indicating that these two processes are not coupled. RNA interference (RNAi)-mediated knockdown of CBP does not affect TCF recruitment to WREs but does block the increase in H3/H4 acetylation and dramatically reduces Wg activation of target gene expression. The pattern of histone acetylation is roughly centered on the WREs, and unlike many active genes, the core promoter does not appear to be a primary target of this modification. These data are consistent with a model whereby localized TCF/Arm recruitment induces widespread histone acetylation that is mediated by CBP.
MATERIALS AND METHODS
Identification of TCF site clusters. Target Explorer (http://trantor.bioc .columbia.edu/ Target_Explorer/) (59) was used to generate a weight matrix from 20 TCF sites previously identified from the regulatory regions of the following genes: sloppy paired 1 (nine sites) (33) , Ultrabithorax (two sites) (72) , decapentaplegic (two sites) (71) , even skipped (six sites) (31) , and stripe (one site) (51) . A TCF site cluster was defined as at least three sites (cutoff score of 5.25) within a span of 150 bp.
Cell culture, RNAi, and DNA transfections. Kc cells were maintained as described previously (42) , except that 5% fetal bovine serum was used to supplement Schneider Drosophila medium. An S2 cell line stably transformed with a tubulin-Wg construct was a gift from R. Nusse and was used to produce Wg-conditioned medium (WCM). Control medium and WCM were collected from cultures as described previously (www.stanford.edu/ϳrnusse).
For RNAi, 4 to 6 g of double-stranded RNA (dsRNA)/10 6 cells was added directly to the medium. Cells were split 1:5 after 4 days and then assayed after a further 2 days of incubation. For DNA transfection, a total of 0.2 to 1.2 g of DNA/10 6 cells was used. FuGENE 6 transfection reagent (Roche Applied Science, Indianapolis, IN) was used at 1 to 2 l/g of DNA.
Reporter assays and chromatin immunoprecipitation (ChIP). Kc cells were harvested, pelleted, and lysed using standard lysis buffer. ␤-Galactosidase and luciferase assays were performed using Galacto-Star and Luc-Screen systems from Tropix (Bedford, MA). Transfections were performed in duplicate on 2 ϫ 10 6 cells using 300 ng of reporter construct, 20 ng of Actin-LacZ as a transfection control, 50 ng of Actin-Arm* to stimulate the Wg pathway, and pAc5.1 as required to normalize the amount of DNA (13) .
ChIP was performed according a protocol from Upstate (catalog no. 17-295) with the following modifications. A total of 3 ϫ 10 6 Kc cells/pull-down were used, and volumes were scaled up as required. Prior to formaldehyde cross-linking, cells were cross-linked with 10 mM DTBP (dimethyl 3,3Ј-dithiobispropionimidate-2HCl) in phosphate-buffered saline (PBS) on ice (catalog no. 20665; Pierce) (16) . For ChIP from embryonic extracts, embryos were collected 4 to 10 h after egg laying at 29°C. After embryos were subjected to dechorination in 50% bleach for 2 min and washed with water and 0.7% NaCl-0.1% Triton X-100, 100 l of embryos was fixed in 2 ml of 2% formaldehyde (in 100 mM NaPO 4 buffer, pH 7.2). Heptane (6 ml) was then added, and the tube was inverted for 15 min at room temperature, which was followed by a heptane wash. Fixation was stopped by resuspending embryos in 4 ml of 125 mM glycine-0.1% Triton X-100 in PBS. Embryos were then pelleted at 500 ϫ g and washed in 4 ml of ice-cold PBS-0.1% Triton X-100 and stored in PBS-0.1% Triton X-100. For ChIP, 70 l of embryos was resuspended in 400 l of sodium dodecyl sulfate lysis buffer (1% sodium dodecyl sulfate, 10 mM EDTA, 50 mM Tris, pH 8.1) plus protease inhibitor cocktail (catalog no. 11836153001; Roche). Embryos were then ground with disposable pestles and sonicated, and the lysate was then processed in the same way as ChIP in Kc cells. Ten percent of the 400-l lysate was used for each pull-down.
Immunoprecipitates were analyzed using quantitative PCR. ChIP oligonucleotide sequences are available upon request. The rabbit anti-TCF antibodies were generated in the Cadigan laboratory (13) . The guinea pig anti-CBP antibody was obtained from M. Mannervik (38) . Other antibodies were purchased from Upstate: acetylated H3K9/K18 (AcH3K9/K18; catalog no. 07-593), AcH4K5/K8/ K12/K16 (06866), and H3K4Me3 (07-473).
RNA extraction, quantitative reverse transcription-PCR, and Western blotting. Cells were harvested and pelleted, and total RNA was prepared using RNAwiz (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA was quantified using UV absorbance at 260 nm. cDNA was made by reverse transcription using oligo(dT) and equal amounts of total RNA (1 to 2 g). Quantitative PCR was performed using an iCycler IQ real-time detection system (Bio-Rad, Hercules, CA). The following oligonucleotides were used: 5Ј-TAAAATTCTCGGCGGCTACAA-3Ј and 5Ј-CGCACCTGGTGGTACATC AG-3Ј for nkd, 5Ј-AGAGCAGCAGAAGCGTTAGC-3Ј and 5Ј-AAAGCCGG AGAAGCTACAAA-3Ј for Notum, 5Ј-AGACCTACTGCATCGACAAC-3Ј and 5Ј-GACAAGATGGTTCAGGTCAC-3Ј for ␤-tubulin56D (␤-tub56D), 5Ј-CGT TTCGGACTAGATCAACAGAG-3Ј and 5Ј-CATCTTCGTCGTCATCACTTA GC-3Ј for TCF, and 5Ј-GATGAGTTACATGCCAGCCCA-3Ј and 5Ј-GATAC CATCGGCGGCAGAT-3Ј for Arm.
Western blot analysis with a mouse monoclonal Arm antibody was performed as previously described (13, 35) .
RESULTS
Wg signaling causes an increase in TCF binding and histone acetylation at a region containing a WRE in the nkd locus. Previous work from our laboratory identified the Wg pathway feedback antagonist naked cuticle (nkd) as a direct target of Wg signaling in Kc167 (Kc) cells (13, 35) . A schematic representation of the nkd locus is shown in Fig. 1A . The major TSS of nkd in Kc cells was confirmed by primer extension (data not shown). Stimulation of Kc cells with WCM resulted in a dramatic increase in nkd mRNA levels that reached steady state by 5 h (Fig. 1B and data not shown) . For the rest of this report, WCM treatments of 5.5 h were used unless otherwise indicated. RNAi depletion of TCF, arm, or the coactivator pygopus (pygo) significantly reduced the response of nkd to WCM (Fig. 1C) .
The nkd locus spans approximately 40 kb and contains a large 30-kb intron (Fig. 1A) . We previously identified a WRE in this intron about 5.5 kb downstream of the nkd TSS (13, 35) . As reported, TCF is preferentially bound to the region containing the intronic WRE compared to the nkd open reading frame (ORF), as judged by ChIP (Fig. 1D ). This TCF binding is authentic, since RNAi knockdown of TCF reduced the signal to the background level seen at the ORF (Fig. 1D) . Interestingly, a highly reproducible increase in TCF binding at the WRE region was observed upon stimulation with WCM treatment (Fig. 1D ). This increased recruitment was blocked by arm RNAi (Fig. 1D) , indicating that Arm is required for the Wgdependent increase in TCF binding.
The increase in TCF binding to the WRE region occurs rapidly and is detectable within 1 h after WCM treatment (data not shown). It is not due to increased expression of TCF, since protein and transcript levels are unchanged by WCM treatment (10) (see Fig. 8F ). The levels of nuclear TCF were also not changed by Wg signaling (10) . It is possible that the increase in the TCF ChIP signal is caused by a Wg-induced TCF is recruited to the WRE region in response to Wg signaling. ChIP with antiserum directed against the N terminus (N-term Ab) of TCF indicates significant TCF binding to the WRE region in unstimulated cells, which dramatically increases after WCM treatment for 5.5 h. TCF RNAi demonstrates that the signal is specific, and arm RNAi shows that the Wg-dependent increase in TCF binding is dependent upon Arm. (E) WCM also increases TCF binding to the WRE region when antiserum against the C terminus (C-term Ab) of TCF is used. (F and G) WCM induces histone acetylation at the WRE. ChIP analysis for AcH3 (F) and AcH4 (G) indicates that these histones are acetylated in response to Wg pathway activation. TCF or arm RNAi significantly blocks the acetylation levels of both histones. Each bar represents the mean of two independent samples, with the error bars indicating standard deviations. All experiments were performed at least three times, and the data shown are representative. Cont, control.
VOL. 28, 2008 WIDESPREAD CHROMATIN REMODELING BY Wg SIGNALING 1817 change in TCF conformation leading to increased epitope availability. However, increased TCF binding was observed with two anti-TCF antisera, one directed against the N terminus of TCF ( Fig. 1D ) and one to the C terminus ( Fig. 1E ), making this possibility less likely. Previous work indicates that histones are acetylated at WREs in response to Wnt signaling (4, 14, 29, 57) . We used ChIP to ask if histones around the nkd WRE are acetylated in response to WCM treatment. In the absence of signaling, acetylated H3K9/K18 (AcH3) (Fig. 1F ) and acetylated H4K5/ K8/K12/K16 (AcH4) (Fig. 1G ) levels at the WRE are slightly higher than at the ORF. WCM treatment induces a fourfold increase of H3 and H4 acetylation ( Fig. 1F and G) . In contrast, acetylation levels at the ORF remain low. TCF or arm RNAi treatment significantly blocked the increase in AcH3 and AcH4 by WCM ( Fig. 1F and G) . Taken together, these data show that Wg signaling can induce an increase in nkd transcription concomitant with TCF recruitment and histone acetylation at the WRE.
Upon Wg stimulation, TCF, Arm and H3K4Me3 are found at distinct locations in the nkd locus, while histone acetylation is widespread. Previously, we reported that TCF was bound preferentially at the WRE region in the nkd locus and was not found at several other locations that contained TCF binding sites (13) . To examine the nkd locus more systematically, we identified 11 clusters of putative TCF binding sites (three sites/ 150 bp) ( Fig. 2A , open boxes) with a web-based algorithm called Target Explorer (59) . Primer sets for ChIP were designed to target many of these sites, in addition to other sites spanning the nkd locus ( Fig. 2A, 
vertical dashed lines).
Although Target Explorer judged the quality of the TCF sites in the 11 clusters to be roughly equal, TCF is primarily bound to the region containing the WRE ( Fig. 2A) . The profile of Arm binding across the nkd locus is very similar to that of TCF, with a large peak around 5.5 kb downstream of the TSS (Fig. 2B ). The smaller peak 30 kb downstream of the TSS was not reproducibly observed. We estimate that the resolution of the ChIP analysis is approximately 1.0 to 1.5 kb, so these experiments suggest that TCF and Arm are predominately found at a single location in nkd, though we cannot rule out that TCF/Arm binding occurs in regions lying in between the primer sets used.
The levels of AcH3 and AcH4 were also examined across the entire nkd locus. In the absence of Wg signaling, histone acetylation levels were not uniform ( Fig. 3A and B, broken lines) . This is especially evident for AcH4, which displayed several peaks in the unstimulated state (Fig. 3B ). These differences cannot be attributed to primer efficiency, as similar peaks are not seen with TCF or Arm ChIP (Fig. 2) . The largest peak for both AcH3 and AcH4 in unstimulated cells occurs 11 kb downstream of the TSS, and its significance is unclear.
Upon WCM treatment, AcH3 and AcH4 levels are dramatically increased over a region of approximately 50 kb ( Fig. 3A and B; compare black and dashed lines). In general, the highest levels for both modifications surround the WRE and tail off in both directions (with the exception of a spike 22 kb downstream of the TSS). The levels of total H3 and H4 across the nkd locus were not increased by WCM treatment (data not shown), ruling out an increase in histone density as the cause for the elevated AcH3 and AcH4 levels. The increased histone acetylation is detectable within 1 h of WCM treatment and is not observed in cells depleted of arm RNAi (data not shown). Thus, recruitment of TCF/Arm to a single location in the nkd intron results in a widespread effect on chromatin throughout the locus.
Histone acetylation often occurs in sharp peaks at the proximal promoters of active genes (3, 25, 54, 55) . To confirm that this is also true in Kc cells, H3/H4 acetylation of several constitutively active genes was examined in WCM treated cells. Histone acetylation was markedly higher at the promoter regions of pygo and rough deal (Fig. 3D) , TCF (Fig. 3E) , and ␤-tub56D (Fig. 3F ) compared with regions 3 to 4 kb away. Similar results were observed in Kc cells without WCM treatment (data not shown). These results indicate that the histone acetylation patterns at these housekeeping genes are distinct from the broad acetylation observed at nkd after Wg stimulation.
It was recently reported that ␤-catenin can interact with mixedlineage leukemia (MLL1/MLL2)/SET1-type histone methyltransferase complexes and that ␤-catenin promotes H3K4Me3 at a region containing a WRE 1 kb upstream of the 5Ј end of c-Myc, a Wnt target gene (57) . However, we found no detectable levels of this histone methylation at the nkd WRE region in the absence FIG. 3 . In contrast to housekeeping genes, histones are acetylated over a broad region at the nkd locus in response to Wg, whereas H3K4Me3 is restricted to the proximal promoter. (A) AcH3 levels rise across the locus when nkd is activated by WCM (compare black and dashed lines). Note that the peak of AcH3 is roughly centered at the WRE. (B) AcH4 levels also rise across the nkd locus when the Wg pathway is activated. (Fig. 3C) . Rather, a sharp increase in H3K4Me3 was observed at the nkd proximal promoter, consistent with other studies that observed an H3K4Me3 spike at TSSs (3, 37) . Wg-dependent widespread histone acetylation of nkd occurs independently of transcription. While a large portion of the increased AcH3/AcH4 is observed within the nkd intron, it is also elevated in the 15 kb upstream of the nkd TSS and is not high in the ORF (Fig. 3A and B) . This suggests that the effect is not simply due to transcription of the nkd gene. To confirm this, cells were pretreated with the RNA polymerase II inhibitor ␣-amanitin (67) before being challenged with WCM. As predicted, the drug blocks the increase in nkd expression normally observed in WCM-treated cells (Fig. 4A) . However, the Wg-dependent increase in TCF binding to the nkd WRE region still occurs in cells pretreated with ␣-amanitin (Fig. 4B) . This indicates that blocking transcription does not affect Wgdependent events upstream of TCF recruitment to the nkd locus.
RNA polymerase II is known to recruit SET1 and Trithorax histone methyltransferases to promoters in yeast and flies, respectively, where they promote H3K4Me3 upon transcription elongation (46, 58) . Consistent with this, ␣-amanitin pretreatment prevents the Wg-dependent increase in H3K4Me3 at the nkd TSS (Fig. 4C) . However, ␣-amanitin has no effect on the ability of WCM to promote widespread acetylation of H3 (Fig.  4D) and H4 (Fig. 4E ). These results demonstrate that stimulation of widespread histone acetylation at the nkd locus by Wg signaling is not a by-product of transcription initiation/elongation.
Does histone acetylation spread from the nkd WRE? The ChIP experiments described above suggest that localized recruitment of TCF and Arm to the nkd WRE region causes an increase in histone acetylation over the entire locus. However, time course experiments have not been able to detect an obvious spread of AcH3 or AcH4 from the WRE in response to WCM treatment; i.e., the increased acetylation appears to occur at roughly the same rate along the whole nkd gene (data not shown). One alternative to the spreading hypothesis is that other TCF site clusters throughout the locus recruit functionally important TCF/Arm protein at levels not detected by ChIP. These lower levels of TCF/Arm could then cause the Wg-dependent increase of AcH3/AcH4 in those regions.
The multiple sites of the TCF/Arm recruitment model predicts that the nkd WRE is not required for the Wg signaling- (Fig.  5A, open boxes) . WREs can be activated by cotransfection with a constitutively active form of Arm (Arm*) (13, 35) . Consistent with this, the 7-kb nkd intronic reporter gene was stimulated almost 200-fold by Arm* (Fig. 5B) . When a 1-kb region containing the nkd WRE was deleted from this construct, activation by Arm* was completely blocked (Fig. 5B) . This result demonstrates that the WRE is absolutely required to respond to Wg signaling. Furthermore, these findings imply that, despite containing high-quality consensus TCF sites, the other TCF clusters in this 7-kb fragment are unable to respond to the Wg pathway. Taken together with the ChIP data, these results support a model where TCF/Arm act solely through the WRE to increase histone acetylation throughout the nkd locus and activate transcription.
Wg-dependent widespread histone acetylation also occurs at the Notum locus. To extend of our findings beyond nkd, we turned to another Wg target gene, Notum (also called wingful). The locus is shown schematically in Fig. 5C (see also Fig. 6A ). Notum is a secreted negative-feedback inhibitor of the pathway that is expressed in response to Wg signaling throughout Drosophila development (18, 20) . A 2.2-kb WRE has previously been identified upstream of the Notum TSS, which was activated by WCM in Drosophila S2 cells (26) . This reporter was also robustly activated by Arm* in Kc cells (Fig. 5D) . In addition, a 1-kb fragment from the first Notum intron, which contained a TCF site cluster identified by Target Explorer, was also highly activated by Arm* (Fig. 5D) . Consistent with the idea that Notum is a bona fide Wg target gene in Kc cells, endogenous Notum transcript levels increased significantly upon WCM treatment in a TCF-, arm-, and pygo-dependent manner (Fig. 6B) .
A Target Explorer search revealed the presence of seven TCF site clusters around the Notum locus. The previously identified upstream WRE (which contains a TCF site cluster at its 3Ј end) showed no significant TCF binding above background in the absence of WCM (Fig. 6C, dashed line) . However, TCF binding increased three-to fourfold at this location upon pathway activation, and significant binding was also observed in the 5Ј region of the upstream Notum WRE (approximately 4 kb upstream of the TSS) (Fig. 6C) . In addition to this upstream binding, the region containing the intronic Notum WRE recruits TCF in the absence of pathway activation (Fig.  6C, dashed line) , which is increased by WCM treatment (Fig.  6C, black line) . These data indicate that in Kc cells, there are at least two WREs at the Notum locus that recruit TCF in response to Wg. Wg signaling activates CG5895, the gene just downstream of Notum (Fig. 6A) , in S2 cells (44) . The two TCF site clusters nearest to CG5895 are not bound by TCF in Kc cells (Fig. 6C) , though it is possible that this gene is activated by one or more of the WREs identified in the Notum locus.
In the absence of Wg signaling, AcH3 and AcH4 levels are mostly low at the Notum locus ( Fig. 6D and E, dashed lines) . This high signal is not due to primer efficiency, as no such peak is observed in the TCF ChIP (Fig. 6C) , and acetylation at this site was not significantly affected by Wg treatment (Fig. 6D and E).
As was found with nkd, stimulation of Wg signaling results in a widespread increase in histone acetylation over the entire Notum locus (Fig. 6D and E, black lines) . As with nkd, nucleosome density was not increased across the locus upon Wg signaling (data not shown). There are two peaks of acetylation, the larger one in the Notum intron and a smaller one in the region of the upstream WRE. Acetylation of the Notum core promoter does not appear to be the main focus of this modification. In contrast to the nkd core promoter, Wg signaling did not cause an increase in H3K4Me3 levels at the Notum TSS (data not shown).
To determine whether this Wg signaling-dependent, widespread histone acetylation occurs in other contexts, we performed ChIP on Drosophila embryonic extracts. Daughterless (Da)-Gal4 (a ubiquitous driver) was used to express Wg or a dominant negative form of the Wg receptor Frizzled-2 (GPIdFz2) to block Wg signaling (6) . As in Kc cells, TCF was bound at both the 5Ј and 3Ј ends of the upstream Notum WRE region, and this binding is increased when the pathway was activated (Fig. 7A) . In contrast to the data obtained with Kc cells (Fig.  6C) , the intronic WRE region (approximately 5.5 kb downstream of the TSS) does not display detectable TCF binding. Consistent with the results in Kc cells, induction of Wg signaling results in widespread AcH3 (Fig. 7B) , suggesting that endogenous Wg target genes in vivo are subject to types of transcriptional regulation similar to those seen in cell culture.
CBP is required for widespread histone acetylation at Wg target loci. Which HAT(s) is responsible for the Wg-induced Histones are acetylated over a broad region at the Notum locus in response to Wg. Cells treated with control and WCM were subjected to AcH3 (D) and AcH4 (E) ChIP analysis. In both cases, histone acetylation is increased in response to Wg in a broad manner across the loci, with the highest levels roughly corresponding to TCF recruitment sites. Each bar or data point represents the mean of two independent samples, with the error bars indicating standard deviations. All experiments were performed multiple times, and the data shown are representative. Cont, control.
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on February 27, 2014 by PENN STATE UNIV http://mcb.asm.org/ acetylation at Wg targets? An attractive candidate is CBP, a HAT with specificity for both H3 and H4 N termini tails (1, 48) . We have recently reported that CBP is required for Wg signaling in Kc cells and wing imaginal discs. CBP binds directly to Arm and is recruited to the nkd WRE region in a Wgand Arm-dependent manner (35) . The requirement for CBP in mediating the widespread increase in AcH3/AcH4 at Wg transcriptional targets can be directly tested using Kc cells depleted of CBP via RNAi.
One complication with RNAi inhibition of CBP is that it compromises cell growth and health (35; also data not shown). However, the proper dose of CBP dsRNA can compromise Wg activation of nkd and Notum expression (Fig. 8A and B) without affecting the expression of the ␤-tub56D, arm, or TCF genes (Fig. 8D to F) . Under these conditions, CBP RNAi does not affect Wg-dependent Arm stabilization (Fig. 8G) and TCF recruitment to the nkd WRE region (Fig. 8C) . These controls indicate that the CBP RNAi treatment employed does not affect the Wg pathway upstream of TCF, but transcriptional activation of Wg targets is greatly reduced.
Depletion of CBP had a dramatic effect on the ability of WCM to promote histone acetylation at the nkd and Notum loci (Fig. 9) . In the case of nkd, depletion of CBP resulted in AcH3 and AcH4 levels below those observed in unstimulated cells (Fig. 9A and B) . At the Notum locus, CBP RNAi almost completely blocked the ability of WCM to increase histone acetylation (Fig. 9C and D) . For both targets, the effect on AcH3/AcH4 was observed at several locations, indicating that CBP is required for the widespread histone acetylation at both loci. Interestingly, Wg signaling promotes CBP recruitment primarily to the WRE region of nkd and not to other locations in the locus (Fig. 10) .
DISCUSSION
TCF recruitment to select binding sites in Wg targets. TCF, the sole member of the TCF/LEF1 family in flies, contains an HMG domain that is sufficient for sequence-specific binding to DNA (64) . DNA-protein interaction assays have defined the sequences that are preferentially bound by TCF in vitro (23, 64) . There is abundant evidence that these sites are important for the activity of WREs in vivo (2) .
In this study, we used a combination of Target Explorerassisted searching and ChIP to determine where TCF is recruited in two well-characterized Wg targets. TCF binding at these loci is restricted to certain regions of DNA that contain clusters of consensus TCF binding sites ( Fig. 2A and 6C) . Interestingly, other regions of chromatin that contain qualitatively similar TCF binding site clusters do not recruit TCF in vivo and cannot activate reporter genes when cloned upstream of a naive promoter (Fig. 5B) . These results strongly suggest that TCF sites require additional contextual information to function as WREs. The nature of these additional cues is under investigation.
While there is agreement between our ChIP data for TCF binding and reporter gene results for the nkd gene ( Fig. 2A and 5B), there is a minor discrepancy for Notum. The upstream WRE of Notum is more active in the reporter assay than the intronic Notum WRE (Fig. 5D ), but TCF binding is more robust at the region containing the intronic WRE in the endogenous gene (Fig.  6C ). Despite these minor inconsistencies, the combination of ChIP and reporter gene analysis has proven to be an excellent way to identify bona fide WREs in Wg targets.
A comparison between the ChIP data from Kc cells and embryos reveals an additional complication in the search for WREs. In the cultured cell line, TCF is bound both upstream of the Notum TSS and in the first intron (Fig. 6C ), but in embryos only the upstream region is bound (Fig. 7A) . In addition, binding of TCF at the nkd WRE was not detected in embryos (data not shown). A difference in TCF binding to target genes between several human cell lines has also been reported (69) . These results illustrate that cell/tissue-specific factors play an important role in determining TCF recruitment.
Wg signaling induces widespread histone acetylation of target genes. While TCF was localized to distinct areas of target loci, Wg signaling had a widespread effect on histone acetyla- (Fig. 3A and B and 6D and E). In addition, robust Wg-dependent histone acetylation was also observed in cells when RNA polymerase II was inhibited (Fig.  4) . This demonstrates that these modifications are not a byproduct of transcription. Several large-scale studies have revealed relatively sharp peaks of histone acetylation surrounding the core promoters of active genes (3, 25, 55, 56) . Likewise, several housekeeping genes in Kc cells had peaks of AcH3/AcH4 at their TSSs (Fig.  3D to F) . In contrast, the pattern of histone acetylation at Wg targets does not suggest that the core promoter is a primary target of the modification. Rather, the peaks of histone acetylation for nkd and Notum are generally centered on and around the WREs, suggesting that the effect radiates from the localized sites of TCF/Arm bound to the chromatin.
Widespread chromatin modifications originating from a nucleation site have been observed in several other cases, with the best examples involving transcriptional repression. For example, heterochromatin protein 1 is thought to mediate heterochromatin formation from specific binding sites through widespread methylation via Suppressor of variegation 3-9, a methyltransferase (11) . In addition, localized recruitment of Polycomb group proteins caused widespread H3K27Me3 of histones across the Ultrabithorax gene (27, 49) . While the spread of histone methylation is linked to gene silencing, our results suggest that a similar spread of histone acetylation is important in mediating gene activation of Wg targets.
The acetylation of an entire locus upon gene activation is not typically observed. In a study of resting and activated human T cells, more than 45,000 regions of AcH3 from Ͼ20,000 genes were identified (55) . These "acetylation islands," which were found at both promoter and nonpromoter regions, ranged in size from 44 to 7,827 bp (55) . These data are consistent with similar studies in other human cell lines (3, 25) . There are examples of specific loci where broader areas of AcH3 or AcH4 are observed, most notably the ␤-globin locus in erythroid cells (5, 15) , the Ifng gene in differentiated T cells and natural killer cells (9, 73) , and the human growth hormone (hGH) locus in placental cells (28) . The cis and/or trans-acting factors that distinguish the histone acetylation patterns of these genes (and the Wg targets identified in this report) from the vast majority of active genes remain to be determined.
Although nkd and Notum are not the only genes that display widespread histone acetylation, they are unique in terms of the dynamic nature of their chromatin modifications. Increased AcH3/AcH4 at these loci is detectable within 1 h of the addition of extracellular Wg and is saturated by 5.5 h. In contrast, FIG. 10 . CBP is localized to the nkd WRE in WCM-treated cells. Kc cells were treated with control medium or with WCM for 5.5 h and processed for ChIP with anti-CBP antiserum. CBP binding was dramatically elevated at the region containing the WRE but not at other locations in nkd. Each data point represents the mean of two independent ChIP samples, with the error bars indicating standard deviations. All experiments were performed multiple times, and the data shown are representative. Cont, control.
FIG. 9.
CBP is required for widespread histone acetylation across the nkd and Notum loci in response to Wg. Cells were treated as described in the legend of Fig. 8 and assayed for AcH3 and AcH4 using ChIP with a select subset of primer sets for nkd (A and B) and Notum (C and D). In each case, acetylated histone levels increased in response to Wg (compare broad dashed and black lines). Pretreatment of the cells with CBP dsRNA (fine dashed lines) blocked the Wg-dependent increase of histone acetylation, resulting in levels close to or below unstimulated levels. Each data point represents the mean of two independent ChIP samples, with the error bars indicating standard deviation. All experiments were performed multiple times, and the data shown are representative. CM, control medium; Cont, control. (73) . At the ␤-globin locus, changes in histone acetylation occur between fetal and adult erythroblasts (36) . In these cases, the alterations in chromatin modification are occurring during differentiation, so it is likely that they are the result of several events.
The rapidity of the effect we have identified suggests that the widespread modification is due solely to activation of Wg signaling and originates from the TCF/Arm binding sites in the target genes. The role of CBP in Wg-dependent chromatin modification. CBP is required for Wg to activate target genes in cell culture ( Fig. 8A and B) as well as in fly tissues (35) . This requirement has also been reported in several vertebrate systems (12, 40, 61) . CBP can directly bind to ␤-catenin/Arm and positively regulate Wnt signaling (24, 35, 43, 60, 61) . Furthermore, CBP or its close relative p300 are recruited to WRE regions upon activation of Wnt signaling in vertebrate (29, 40, 57) or Drosophila (35) cells. These data argue that CBP plays a direct and evolutionarily conserved role in mediating Wnt/␤-catenin transcriptional activation.
The Wg signaling-dependent widespread increase in AcH3/ AcH4 at target loci requires CBP (Fig. 9 ), supporting a model where CBP's classic function as a HAT plays a major role in the process. However, CBP recruitment at nkd is localized to the WRE region (Fig. 10) . This is reminiscent of the situation with the Polycomb group complexes, which are highly localized but promote H3K27Me3 over large areas (27, 49) . DNA looping that brings histones to the localized K27 methylase has been suggested as a possible mechanism for this phenomenon (28) . While a looping model is possible for Wg targets, it should be noted that CBP and p300 recruitment to specific regions of the human genome has been correlated with elevated AcH3/AcH4 at hundreds of locations, but the extent of histone acetylation is not widespread (17, 25) . This suggests the existence of additional factors at Wg targets that cooperate with CBP to achieve longer-range chromatin modification.
TCF recruitment at WREs is stimulated by Wg signaling. TCF recruitment at WREs is stimulated by Wg signaling. The prevailing model for the role of TCF family members in the regulation of Wnt/␤-catenin targets is that they act as passive anchors on the DNA through which corepressors or coactivators are recruited (50, 65) . This view implies that the amount of TCF bound to WREs is similar in the absence or presence of pathway stimulation. However, we find that Wg stimulation causes a significant increase in TCF binding to WRE regions. This phenomenon was observed at several WREs in Kc cells (Fig. 1D and 6C ) and in embryos (Fig. 7A ). This increase in the TCF ChIP signal does not appear to be due to an increase in nuclear TCF levels (10) and was observed with two antibodies directed against different portions of the TCF protein ( Fig. 1D  and E ). This makes it unlikely that the increase in TCF binding is due to a Wg-induced conformational change in the protein.
While the mechanism of the increase in TCF binding is not clear, it is worth noting that it still occurs in cells where histone acetylation was low (Fig. 8C ) and when transcription is blocked (Fig. 4B) . Therefore, these processes do not indirectly lead to the increase in TCF binding. However, the effect on TCF binding is dependent on Arm (Fig. 1D) . Interestingly, this result is consistent with a previous study that showed that ␤-catenin greatly enhanced binding of LEF1 to chromatinized TCF sites in vitro (63) . This raises the possibility that in flies, Arm has the same effect on TCF.
Another potential role for CBP in activating the Wg pathway is through acetylation of ␤-catenin, which increases its affinity for TCF (32, 34, 70) . However, when CBP was depleted in our cell culture system, Wg signaling still caused an increase in TCF binding to the nkd WRE region (Fig. 8C) . This suggests that Arm is still able to bind to TCF when CBP levels are inhibited by RNAi.
While our results are inconsistent with the prevailing model of TCF binding to WREs, it should be pointed out that there is very little experimental evidence addressing this issue. It was found that LEF1 and TCF4 binding to WRE regions in several genes were unchanged by increased Wnt/␤-catenin signaling levels (57, 69) . The discrepancy could reflect functional differences between the TCF and LEF1 proteins, or differences in the organisms or cell types used. Further analysis of more WREs in several systems is needed to determine whether either example is generally applicable to TCF/LEF1 binding to Wnt targets.
